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ABSTRACT

The synthesis of endo-polygalacturonate trans-eliminase (endoPGTE) by Erwinia carotovora, strain 14, in induced culture, is re¬
pressed in the presence of glucose, but not by glycerol.

Exogenously

supplied adenosine 3', 5' cyclic monophosphate (cyclic AMP) reverses
repression of endo-PGTE synthesis, provided the enzyme substrate,
sodium polypectate, is present.

Depending on the concentration of

glucose in the medium, addition of cyclic AMP also temporarily re¬
presses growth.

Guanosine 3', 5'-cyclic monophosphate (cyclic GMP)

appears to act as a competitive inhibitor of cyclic AMP, when supplied
exogenously, by effecting a further repression of enzyme synthesis.
A number of analogues of cyclic AMP failed to reverse repression
when supplied exogenously.

Physiological levels of cyclic AMP in

cells grown on sodium polypectate were significantly higher than in
cells supplemented with glucose.
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REVIEW OF LITERATURE
Rectic Ezymes in the Physiology of Pisease
Erwinia carotovora (Jones) Holland, strain 14, is a
phytopathogenic bacterium of the family Enterobacteriaceae.

The

Erwinia spp. are short Gram-negative rods, which are motile by means
of peritrichous flagella.

carotovora synthesizes a number of cell

wall and middle lamella-degrading enzymes which cause maceration and
cellular death of mature plant tissue, such as potato tubers, carrot
roots and cucumber fruits (47, 51, 71, 77).
E. carotovora can be grown on a basal salts medium supple¬
mented with a carbon source.

A variety of five and six carbon sugars,

as well as certain polymers such as the pectins, are able to support
growth of the bacterium.

The pathogenicity of many of the Erwima.

spp., including _E. carotovora, has been well documented (4, 9, 10, 12,
28, 30, 71, 72, 82).

The pectolytic enzymes are primary determinants,

and the cellulolytic enzymes are secondary determinants, and the cellulo
lytic enzymes are secondary determinants in the maceration of host tis¬
sue.

A variety of symptoms, including breakdown of the middle lamella

and separation of individual cells, are included under the heading of
"soft rot disease."
The site of action of these macerating enzymes is the cell wall
of the host.

The one outstanding feature of cell walls is their hetero-

geneity and the fluid dynamic structure.

The middle lamella region of
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the cell wall has been well characterized as composed largely of pectic
substances, with smaller amounts of neutral sugars, such as galactans
and arabans, and other constituents (4, 30, 82).
The pectic substances are a group of colloidal, polymeric
materials formed largely from linear chains of anhydrogalacturonic
acid units, in an^>(-l-4 glycosidic linkage.

These are further differen¬

tiated by the degree of methoxylation of the carboxyl groups.

Polymers

in which these groups are unesterified or esterified to a small extent
are known as pectic, or polygalacturonic acids.

Where a higher percen¬

tage, but less than 75% methoxylation occurs, the term pectinic acid
is used.

High methoxyl polymers with greater than.75% esterification

are called pectins.

Pectins are able to form gels in the presence of

sucrose at suitable pH values.

The ability to form gels, and the solu¬

bility properties of pectins are affected as well by the chain length
of the polymer.
Pectic substances are unstable in both acid and alkaline solu¬
tions.

Under alkaline conditions, uronide chains break down rapidly by

a splitting of the glycosidic bonds adjacent to esterified carboxyl
groups.

The glycosidic bond is cleaved by a trans-eliminative mechanism,

in which a proton is removed, forming a double bond between carbon atoms
4 and 5 on the non-reducing terminal group formed by the reaction.

Under

acid conditions, the glycosidic bonds are readily hydrolyzed, yielding
galacturonic acid as a final product.
The enzymatic degradation of pectic substances is similar to
chemical breakdown (9, 10, 20, 28, 30).

Pectin methyl esterase (PME)

hydrolyzes ester groups with the production of methyl alcohol; this
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enzyme is found in both higher plants and microorganisms.

The enzymes

acting directly on polygalacturonide chains are classified according to
whether the(p(-l-4 glycosidic bonds are cleaved with the formation of
water across the oxygen bridge (hydrolases) or the formation of a
double bond between carbons 4 and 5 (trans-eliminases or lyases).

Both

classes of enzymes are further classified according to their preferred
substrates, pectin or pectic acid, and whether cleavage is random through¬
out the chain (endo types) or whether it is confined to removal of termi¬
nal monomer units (exo types).

The hydrolases are specific for either

pectic acid (polygalacturonases, PG), or for pectic and pectinic acids
(polymethylgalacturonases, PMG).

In situations where polygalacturonases

attack methoxylated pectins, the presence of PME is essential to prepare
the substrate for hydrolysis by PG.
The trans-eliminases may also be specific for either pectin or
pectic acid.

The former are known as exo- or endo-pectin methyl lyases,

the latter, polygalacturonate lyases.

The end products of these trans-

el iminases are unsaturated uronides rather than galacturonic acid.
Polygalacturonate trans-eliminase of the endo type (endo-PGTE)
is produced by a number of bacterial pathogens, including £. carotovora
(T2, 28, 44, 47, 53, 70, 72).

This particular enzyme utilizes polygal-

acturonic acid preferentially, although pectin is degraded depending on
its degree of demethoxylation.

Endo-PGTE causes a rapid degradation of

large polymer molecules through a random chain-splitting mechanism.

As

the chain length of the molecule decreases, the rate at which products
are formed decreases (52).

The major end-product of this enzyme is an

unsaturated digalacturonic acid, 0-(4-deoxy-^>-L-5-threo-hexopyranos-4enyluronic acid)-(l-4)-D-galacturonic acid:

smaller amounts of unsatu-
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rated trimers and saturated mono- and digacturonic acids are formed.
Another lyase, oligogalacturonate trans-eliminase (OGTE) cleaves unsatu¬
rated digalacturonic acid into two molecules of 4-deoxy-5-hexoseulose
uronic acid.

The same enzyme also splits the saturated dimer into

galacturonic acid and deoxyketuronic acid.

OGTE has a pH optimum of

7.2 compared to a pH optimum of 8.5 for PGTE.
The catabolism of uronic acids in
dated by Kilgore and Starr (40, 41, 42).

E.

carotovora has been eluci¬

Both D-galacturonate and D-

glucuronate are first isomerized to their keturonic analogues followed
by reduction to the corresponding hexonic acid.

Both are further metabo¬

lized to pyruvate and glyceraldehyde-3-phosphate.
The involvement of pectinolytic enzymes in the physiology of
disease has been well documented (4, 9, 10, 28, 30, 82).

The first

stage of tissue breakdov/n involves the degradation of pectic substances
of the middle lamella in the immediate vicinity of the organism.

Later,

a zone of softening appears well in advance of the growing colony.

This

maceration is generally believed to involve maily pectic enzymes since
cell walls maintain their rigidity, as long as the cellulose of the
walls is not attacked by cellulolytic enzymes.

Current opinion holds

that endo-trans-eliminases and polygalacturonases are the enzymes
mainly responsible for tissue maceration, endo-PGTE also being respon¬
sible for cellular leakage and death (9, 30, 51, 77, 82).

Other enzymes

involved in degradation, as secondary determinants, include hemicellulases, proteases, cellulases and phosphatidases.
Basham and Bateman (9) reported a close correlation between the
rate of cell wall breakdown by pectinases, and the rate of cell membrane
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damage, electrolyte loss and cellular death of host tissue.

Further¬

more, since there is no evidence that either a pectic enzyme-plasmalemma
interaction occurs, or that breakdown products from enzymatic degrada¬
tion of cell walls are involved in cellular injury, membrane damage
probably results from enzymatic damage to the cell wall.

Damage to the

membrane-would occur if the enzymatically degraded cell wall could not
support the plasmalemma under conditions of osmotic stress generated
in a hypotonic solution.
Regulation of PGTE Synthesis
A wide array of catabolic enzymes normally produced by micro¬
organisms are subject to wKat is known as the "glucose effect" or
"catabolite repression."

This is the phenomenon in which the synthesis

of certain inducible or constitutive enzymes is repressed in the presence
of glucose or other carbohydrates (29, 32, 38, 49, 65, 67, 68, 83).

Re¬

garding the inducible nature of the PGTE produced by £. carotovora:
most isolates of the organism synthesize a low basal level of enzyme,
even in the absence of substrate.

Maximum enzyme activity, however,

occurs in the presence of polygalacturonic acid, and without glucose,
or any other repressing carbohydrate in the. medium.

There is some con¬

fusion as to whether to classify PGTE as constitutive with inducible
properties, or strictly inducible.

Evidence seems to indicate that a

specific inducer does exist, although it has not as yet been identified.
Less likely is the hypothesis that inducibility is merely a release from
catabolite repression.
Although studies have established the repressible nature of
PGTE synthesis (34, 48, 84, 85), the problems resulting from this confu-
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Sion have hampered the elucidation of the regulatory mechanisms at work.
Hsu and Vaughn (34) working with a PGTE from Aeromonas 1iquifaciens,
found that maximum enzyme activity occurred under conditions of re¬
stricted growth, no matter what carbon source was used.

Slow feeding

of glucose, glycerol or pectic acid increased activity up to 500 times
over that in cultures growing on saturating levels of carbohydrate.

In

addition, the availability of high levels of divalent cations, especially
Ca++, which are necessary for the breakdown of the pectin molecule, ap¬
parently resulted in saturating levels of catabolic intermediates, and
repressed activity.

High phosphate concentrations also stimulated activ¬

ity, although this effect, and the divalent cation effect were not ob¬
served with glucose as sole carbon source.

They concluded that, under

conditions of unrestricted growth, the poorer the carbon source, the
higher the differential rate of enzyme synthesis.

Chromatographic

analysis revealed an unidentified breakdown product of-pectic acid
which was postulated to be a catabolite repressor.
Zucker and Hankin (84), working with E^. carotovora and a nonpathogenic strain of Pseudomonas fluorescens, concluded that, while
pectate lyase was inducible in both organisms, the low basal level of
enzyme produced on glucose, which they called constitutive, did not
result from catabolite repression.

Attempts to relieve repression

through slow feeding of glucose or culturing on glycerol failed to in¬
crease activity.

Differential rate of synthesis in the pathogen in¬

creased within one to two generations after transfer to medium contain¬
ing pectic acid; with the non-pathogen, activity increased only after
10 to 20 generations, and then only to a level far below that found in
Erwinia.

They found maximum activity when cells were grown in a medium
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containing both pectin and a "heat labile factor" found in fresh potato
tissue.

These had a synergistic effect in both organisms.

However, no

data were presented which compared enzyme activity in a culture contain¬
ing both pectin and glucose with activity on pectin alone.

It was con¬

cluded that the low activity on glucose resulted not from catabolite
repression, but simply from a lack of inducer.
In a later report (85), Zucker and Hankin were able to change
an isolate of Pseudomonas fluorescens from a saprophyte to a virulent
soft rot organism by culturing for a number of generations on a pectin
plus "potato factor" medium to induce PGTE production.

It was not con¬

cluded, however, whether this procedure involved selection for inducible
variants in the Pseudomonas population, or some other complex induction
phenomenon.

The results, however, did support the hypothesis that patho¬

genicity is positively correlated with pectate lyase synthesis.
Patil and Dimond (57), and Horton and Keen (33) both found a
repression of polygalacturonase synthesis in two pathogenic fungi in
the presence of glucose.

Horton and Keen, working with Pyrenochaeta

terrestris, the causal organism of onion pink root, found lower levels
of sugar in infected hosts compared-to non-infected plants, before mani¬
festation of symptoms.

They cited this as an example of a "low sugar

disease," in which low host sugar confers susceptibility.

In culture,

both polygalacturonase and cellulase synthesis were repressed when the
inducers, pectin and cellulose, were supplemented with glucose.

When

root sugar content was decreased by clipping cotyledons, activity of
both enzymes increased.

When sugar levels were increased by spraying

cotyledons with a glucose or maleic hydrazide solution, enzyme synthe¬
sis and symptom development were both reduced.
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Patil and Dimond found that synthesis of an extracellular
polygalacturonase produced by Fusarium oxysporum f. sp. lycopersici
was repressed when an unbuffered pectin-salts medium was supplemented
with glucose.

Repression also occurred, although less severely, with

supplements of monogalacturonic acid, sorbitol or 2-deoxy-D-glucose.
In a buffered medium, however, both glucose and monogalacturonate,
in low concentrations, increased enzyme activity over controls.

Horton

and Keen had also found a stimulation of polygalacturonase by low con¬
centrations of glucose.

When tomato plants were inoculated, and then

supplemented with glucose, monogalacturonate or 2-deoxy-D-glucose
through exposed bundles at the bases of the stems, the amount of culturable mycelium increased, but disease symptoms were reduced.
was the most effective sugar in this respect.

Glucose

Highest polygalacturonase

activity was found in control plants, which were not supplemented with
any sugars.
Moran and Starr (48), in their work with PGTE from £. carotovora
and £. aroideae, concluded that the enzyme from both organisms was
strictly constitutive, and that it is only a release from catabolite
repression that enables glucose-grown cells to initiate degradation of
the pectic acid molecule.

Cyclic Nucleotides in Prokaryotes
Since cyclic nucleotides, in particular, adenosine 3', 5'cyclic monophosphate, were first discovered in bacteria, numerous reports
of the involvement of cyclic AMP in the regulation of protein synthesis
have appeared (16, 18, 22, 38, 58, 65).

Whereas cyclic AMP in eukaryotes

mainly acts as a "second messenger" in regulating hormonal functions.
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cyclic AMP and guanosine 3', 5'-cyclic monophosphate (cyclic GMP) in
prokaryotes are now thought to be involved in an integral way, as a
regulatory control element of protein synthesis.
Jacob and Monod first postulated the existence of the operon
as a means of explaining the phenomena of feedback control and feedback
inhibition of certain enzymes.

The most extensively investigated enzyme

system in bacteria is the lactose operon in Escherichia coli, which regu¬
lates the synthesis of three enzymes responsible for the metabolism of
lactose.

An integral part of the operon concept is the existence of a

number of structural genes which code for the enzymes themselves, and
regulatory genes which are involved in maintaining the level of enzyme
required under a particular environmental condition.

^ -galactosidase,

which splits lactose into glucose and galactose, is repressed by glucose
in the presence of the inducer, lactose (18, 22, 26, 49, 79).
When lactose is not present in the culture medium of E^. coli,
the combined functions of the regulator genes, designated i,p and o,
act to repress the lac enzymes, z, y, and a.

The i gene codes for the

subunits which associate to form the repressor molecule, which binds to
a site on the DNA molecule called the operator (o gene).

The operator

is located between the structural genes and a promotor (p gene), which
contains the binding site for RNA polymerase.

In this way, the repres¬

sor molecule physically blocks transcription of the structural genes'
mRNA.

When lactose is present in the medium, allolactose, an isomer

of lactose, acts to dissociate the repressor-operator complex, allowing
RNA polymerase to initiate transcription.
The lactose operon is an example of a negative repressor-con¬
trolled system (29, 67).

Other operons, such as that which metabolizes
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L-arabinose, are examples of positive activator-controlled systems.

In

an activator-controlled system, a protein required for initiation of
transcription is normally incapable of binding to the operator, unless
the inducter is present.

With L-arabinose present, the protein-inducer

complex is able to bind the operator and allow RNA polymerase to bind
to the promotor.

Savageau (67) has postulated that the two types of

regulation correlate with the frequency or infrequency of the inducer in
the organism's natural environment.

In the case of compounds such as

lactose, histidine or galactose, which are scarce in the natural environ¬
ment of E. coli, the repressor-controlled system is involved.

When com¬

pounds are frequently found in the organism's environment, such as Larabinose, maltose or rhamnose, an activator-controlled system is at
work.
In studying the lac operon, it was discovered that, at the same
time glucose repressed the synthesis of ^-galactosidase, the intracel¬
lular levels of cyclic AMP dropped far below that of cells growing on
lactose alone (1, 16, 18, 22, 59, 62, 79).

It was further determined

that, by supplementing a glucose-repressed culture with an exogenous
supply of cyclic AMP, repression was able to be partially relieved (16,
18, 22, 26, 37, 59, 79).
by two enzymes.

Cellular levels of cyclic AMP are regulated

Adenylate cyclase, a membrane-associated enzyme,

cleaves a molecule of ATP to form cyclic 3', 5' AMP and pyrophosphate
(35, 76).

Cyclic AMP is degraded to 5' AMP by phosphodiesterase.

This

enzyme, depending on bacterial species, may be specific for cyclic AMP,
or may use other cyclic nucleotides, such as cyclic GMP, as a substrate.
Perlman and Pastan (58, 59) found that exogenously supplied
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cyclic AMP in a glucose-repressed culture did not affect the overall
rate of protein and RNA synthesis, but only increased the differential
rate of ^-galactosidase.

In addition, there was no increase in uptake

of the inducer, lactose, and no interference with the uptake or metabo¬
lism of glucose.

Further evidence for this aspect of derepression comes

from deCrombrugghe's work (22) in which he found that repression occurs
even in strains which do not metabolize glucose.

Varmus (77), in his

experiments with DNA-RNA hybridization, found that glucose did not af¬
fect the rate of messenger RNA degradation.
Besides finding elevated levels of cyclic AMP in unrepressed
cells, starvation and slow-feeding will also raise intracellular levels.
Addition of glucose to starved cells will rapidly lower cellular levels,
apparently by releasing large amounts of the nucleotide into the medium.
Buettner (16) found that, under these conditions, cyclic AMP continued
to be synthesized at a hormal rate at the same time it was being secreted
from the cells.

Results, however, are still somewhat inconclusive regard

ing the exact mechanism whereby glucose effects the drop in cellular
cyclic AMP.

Although the presence of a phosphodiesterase inhibitor,

such as theophylline, slightly raises the cellular pool of cyclic AMP,
it is most probably adenylate cyclase which is the primary control ele¬
ment in regulating intracellular levels.

Mutants lacking phosphodiester¬

ase have been isolated (16); although these are more resistent to catabolite repression, and have slightly, but consistently higher levels of
cellular cyclic AMP, these levels still varied depending on carbon source
Although evidence has been found that glucose somehow effects a large
release of cellular cyclic AMP, others have concluded that the primary
site of control is at the level of cyclic AMP synthesis (60, 61).

Pio-
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vant and Lazdunski (62) reasoned that a change in osmolarity of the
medium due to addition of sugars such as glucose results in the excre¬
tion of cyclic AMP through a simple diffusion across the cell membrane.
However, endogenous levels of cyclic AMP were not measured in this
study.
Peterkofsky and his co-workers (60), on the other hand, have
determined that glucose directly inhibits adenylate cyclase, thus
lowering cellular levels of cyclic AMP.

The development of an in vivo

assay has demonstrated this inhibition to be essentially complete,
while only moderately decreasing cellular nucleotide levels.

Glucose

need not be extensively metabolized either, sinceO(-methyl glucoside
inhibits the enzyme as well.

Glucose, however, did not inhibit adenylate

cyclase in vitro, possibly because dissociation of the enzyme from its
membrane somehow altered or destroyed a specific binding site for glucose.
It was also found that, by comparing the kinetics of induction
of the transport system for mannitol, and the inhibition of adenylate
cyclase in vivo, the two processes appear to be related.

Apparently,

both the transport system and the substrate for transport, mannitol,
are essential for cyclase inhibition (61).
A different hypothesis was proposed by Adhya and Echols (3),
who concluded that a primary mechanism of catabolite repression of the
enzymes of the galactose operon in £. coli results from interference
with the transport of inducer into the cells.

They cite evidence of a

mutant resistant to glucose inhibition of galactose induction of the
gal enzymes; this mutant had acquired a glucose-resistant alternative
transport mechanism for galactose via the constitutively synthesized
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galactoside permease.

Further evidence includes the fact that glucose

did not substantially inhibit induction of gal enzymes when glucose and
galactose were produced intracellularly by hydrolysis of lactose, even
if excess glucose was added to the medium (3).
The phenomenon of catabolite repression is complicated by the
fact that two distinct phases of repression can occur in cells exposed
to glucose (16, 22, 26, 58, 59).

There is an immediate severe drop in

enzyme activity anywhere from 3 to 30 minutes after addition of glucose
to induced cells.

This is called transient repression.

True catabolite

repression is that phase during which enzyme activity has leveled off
at a point below that of fully induced cells, but higher than the levels
during transient repression.
Perlman and Pastan (59) have cited genetic evidence to argue
that the two phases are separate phenomena, and not simply two phases
of the same process.

Later studies have provided further evidence that

the two phenomena may even be under different types of regulatory con¬
trols (18, 58, 80).

Buettner (16) while finding that catabolite repres¬

sion was associated with the continued synthesis of cyclic AMP, and its
simultaneous excretion into the medium, found that transient repression,
while causing an even more severe drop in ^-galactosidase activity,
was not associated with a drop in cellular cyclic AMP.

Conversely, they

also found considerable synthesis of ^-galactosidase in two strains of
E. coli despite low endogenous nucleotide levels.

In that same study, a

complete inhibition of ^-galactosidase by a combination of glucose plus
gluconate, or glucose-6-phosphate alone, was not accompanied by a lowering
of cellular cyclic AMP.

However, this may involve a type of feedback con-
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trol, and may not be true catabolite repression.

Wayne and Rosen (80)

consistently found a drop in cellular cyclic AMP when E. coli were in
transient repression, while no consistent correlations were observed be¬
tween catabolite repression and cellular cyclic AMP.
After cyclic AMP was known to be involved in enzyme regulation,
it was discovered that a second component, a protein, was also associated
with catabolite derepression (5, 23, 25, 54, 55, 66).
to be known as a cyclic AMP receptor protein (CRP).

This compound came
This protein was

first discovered when certain mutants which had been selected on the
basis of their pleiotropic inability to grow on carbon sources such as
lactose, arabinsose, maltose, mannitol and glycerol, were found to be
lacking in either adenylate cyclase or CRP (63, 80).

The current hypo¬

thesis for the involvement of the receptor protein is as follows:

cyclic

AMP binds to CRP to form a complex which then binds to a site on the
promotor distinct from the polymerase binding site.

The cyclic AMP-CRP

complex binding to the DNA molecule alters the conformation of the pro¬
moter so as to facillitate the binding of the polymerase and initiation
of transcription.

Apparently, the purine base, ribose moiety and cyclic

phosphate group of cyclic AMP are all involved in binding to CRP (6).
Although other nucleotides are able to bind CRP, this does not insure
ability to stimulate transcription.

Another nucleotide of physiological

importance in eukaryotes, cyclic GMP, was found, in bacteria, to be a
competitive inhibitor of cyclic AMP for its CRP binding site (6, 25, 54,
55).

The cyclic GMP-CRP complex is apparently non-functional.
The development of a cell-free system provided conclusive evi¬

dence for the involvement of cyclic AMP in protein synthesis regulation
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(23, 83).

The system involved employing a bacteriophage carrying the

lac operon genes, cyclic AMP, CRP, RNA polymerase and nucleotide triphos¬
phates to initiate transcription of messenger RNA.

Without the addition

of the cyclic AMP-CRP complex to the system, little or no enzyme synthe¬
sis occurred.
It is generally agreed that catabolite repression in bacteria,
and its reversal by cyclic AMP, act at the level of transcription, rather
than trans'lation, as occurs in eukaryotes (7, 23, 26, 59, 64, 83).

By

chronologically separating initiation of transcription, messenger RNA
chain elongation and translation of the lac proteins, Jacquet and Kepes
(37) were able to determine the site of action of the two phenomena.
Claims that these occur at the level of translation may best be explained
on the basis of the use of presumptive inhibitors which may have only
partially blocked transcription (1, 2).
Recent evidence indicates that it may not be only the cellular
levels of cyclic AMP which regulate the synthesis of enzymes; regulation
may also involve a negative effector, probably cyclic GMP, or possibly
changes in the ratio of the two nucleotides.

Bernlohr ^ al_ (13) have

found that cellular levels of cyclic GMP in glucose-grown £. coli and
Bacillus 1icheniformis are at their highest early in log phase, and
drop to a low level as the culture approached stationary phase.
was the inverse of the change in cellular cyclic AMP levels.

This

Apparently,

cellular events promoted by agents which act to increase cellular cyclic
GMP are generally opposite to those events indicated by agents stimulat¬
ing cyclic AMP increases.
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Artman and Werthamer (8) found that exogenously supplied
cyclic GMP inhibited synthesis of ^-galactosidase and tryptophanase
in

coli.

Ullman (78) recently questioned whether the recorded ef¬

fects of cyclic AMP are actually related to real physiological phenomena.
For example, she found that Bacillus megaterium, which does not contain
detectable amounts of cyclic AMP, was still subject to catabolite repres¬
sion of the lac enzymes, an effect reversed by exogenously supplied
cyclic AMP.

She suggests that cyclic AMP, in this case, may be interfer¬

ing with normal cellular controls involving other mediators, possibly
a negative effector, such as cyclic GMP.
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V

MATERIALS AND METHODS
Maintenance and Growth of Erwinia carotovora
Erwinia carotovora (Jones) Holland, strain 14, was maintain¬
ed on agar slants made up as follows:

minimal slats medium (10.5 g

K2HPO4, 5.5 g KH2PO4, 1.0 g (NH4)2S04, 0.25 g MgS04.7H20, per liter
of distilled water), 0.5% sodium polypectate, 250||M Ca''*^^(as CaCl2),
1.5% Difco agar.

The bacteria were grown on slants at 30 C for 72

hours and stored at 4 C.

Transfers were made every 2 to 4 weeks.

For all experiments, bacteria were grown in liquid culture
made up of minimal salts medium, plus the appropriate carbon source.
Carbon sources were made up as 5% or 10% solutions, autoclaved sepa¬
rately and added to the salts medium prior to use at a final concentra
tion of 0.5%, unless otherwise indicated.
Cells were cultured in 250 ml Erlenmeyer flasks with attached
side-arms, and grown on a rotary shaker (150 rev/min) in an incubator
maintained at 30 C.
Measurement of Growth and Endo-PGTE Activity
Growth was measured by tipping liquid into the attached
side-arm of the flask, and measuring optical density at 600 NM in a
Bausch and Lomb Spectronic 20.
For determination of endo-polygalacturonate transeliminase
(endo-PGTE) activity and protein, 2 ml aliquots were removed from a
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growing culture of E^. carotovora and centrifuged in a Sorvall re¬
frigerated centrifuge at 13,000 £ for 15 minutes.

The supernatant

was assayed directly for extracellular PGTE and protein.

For deter¬

mination of cellular enzyme and protein, the pelleted cells were
frozen and resuspended in 2 ml of distilled water.

The cell solution

was immersed in an ice bath and sonicated with a Bronson Sonifier Cell
Disrupter micro-tip at a setting of 3 for 3 minutes.

Samples were

centrifuged at 6000 £ for 10 minutes to remove cell debris, and the
supernatant assayed for intracellular PGTE and protein.
Endo-PGTE was assayed by following increase in absorbance
(single beam) at 235 nm in a Beckman DBG Grating Spectrophotometer
(47,48).

This directly measures the increase in the number of un¬

saturated uronides in the sample.

One ml of sample was added to one

ml of substrate (final concentration; 0.2% polygalacturonic acid, 50
mM Tris-HCl buffer pH 8.5, 250 JAM Ca^).

One unit of enzyme activity

is defined as an increase in absorbance of 0.1 in 1 minute.
in absorbance of 0.17 corresponds to 0.1
(72).

An increase

M of unsaturated product

Specific activity is defined as units of activity per mg protein

per ml.
Protein was measured by the Lowry method using bovine serum
albumin as standard

(43).

All samples assayed for PGTE and protein were taken from cul¬
tures in log phase of growth unless otherwise indicated.
Cyclic Nucleotide Extraction and Assay
Cyclic nucleotides were extracted according to the methods
of Brooker (14) and Steiner et al (73,74).

Two ml aliquots were removed
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from a culture of

carotovora growing on minimal salts plus sodium

polypectate, glucose or polypectate plus glucose, all at a final
concentration of 0.5%.

Aliquots were centrifuged at 12,000 £ for 20

minutes in a Sorvall refrigerated centrifuge.

The supernatant was

saved for determination of extracellular cyclic AMP.

The pelleted

cells were immediately resuspended in 2 ml of 1% HCIO^.

The samples

were sonicated at a setting of 3, for 3 minutes, using a Bronson
Sonifier Cell Disrupter micro-tip, and centrifuged for 15 minutes at
13,000 £.

The pelleted protein was solubilized in 2 ml of 0.3 N

KOH and assayed by the Lowry method (43).

One drop of 0.02% phenol

red was added to the supernatant, and neutralized by adding 6 N KOH
dropwise until the sample turned light pink.

Samples were frozen at

-20 C and thawed and centrifuged at 10,000 £ for 15 minutes to remove
KCIO^.

The supernatant was saved for determination of intracellular

cyclic AMP.
Samples were first acetylated, and then assayed by radio¬
immunoassay, (27,31).

Twenty microliters of a triethylamineiacetic

anhydride (2:1) mixture was used to acetyl ate 0.67 ml of sample.
Acetylation of cyclic nucleotides at the 2'0 position increases both
the sensitivity and specificity of the assay.

Cyclic AMP standard

solution (500 picomoles/ml) was also acetylated and diluted 1:250
prior to construction of a standard curve in the range of 5-200 femtomoles.
Fifty microliters of sample were assayed for cyclic AMP
using collaborative research RIA reagents.

The assay mixture con¬

tained 100 microliters each of 1251-succinyl cyclic AMP tyrosine
methyl ester, and a specific antibody (from rabit), plus unknown and
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0.05 M Na acetate buffer pH 6.2 in a final volume of 400 microliters.
The reaction mixture was incubated at 4 C for 20 hours.

Bound antigen

was precipitated with 60% (NH^)2S0^, and counted for 1 minute in a
Nuclear-Chicago (Searle) gamma counter.
Phosphodiesterase Digestion of Cyclic AMP
In order to determine whether the cyclic nucleotide in the
unknown samples was authentic cyclic 3', 5' adenosine monophosphate,
random samples were treated with beef heart phosphodiesterase (Sigma)
and assayed by radioimmunoassay.

One hundred microliters of sample

was treated with 0.1 unit of phosphodiesterase in 0.05 M Na acetate
buffer, pH 6.2, for 1 hour in a 30 C water bath.

One unit of enzyme

hydrolyzes 1 micromole of cyclic 3', 5' AMP to 5' AMP in one minute
at 30 C.
Exogenously Supplied Nucleotides
When nucleotides or phosphodiesterase inhibitors were used
as supplements to a culture of £. carotovora, these were solubilized
in a minimal volume of distilled water and added to the growing cul¬
ture by means of a syringe fitted with a Millipore Swinney Adaptor.
All nucleotides were obtained from Sigma, except 8'methylthio cyclic
AMP, which is from ICN.

Theophylline (aminophylline) is from Sigma,

and 3-isobutyl-1-methyl-xanthine (MIX) is from Aldrich Chemical Co.
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RESULTS AND DISCUSSION
Growth on Different Carbon Sources
When cultured on minimal salts medium plus a carbon source,
Erwinia carotovora, strain 14, utilizes sodium polypectate or glucose
equally well.

Glycerol is a poorer carbon source and cuts the rate of

growth by about 50%. (Fig. 1).

Addition of glucose or glycerol to

cells growing on polypectate does not affect growth rate to any sub¬
stantial degree (Fig. 3).

Although diauxie has been observed in other

bacteria cultured on two carbon sources, no evidence was found that
this occurs to any extend in £. carotovora (Fig. 2).
Repression of Endo-PGTE Synthesis
When cells growing on sodium polypectate were supplemented
with as little as 0.05% glucose, the differential rate of endo-PGTE
synthesis is repressed anywhere from 50% to 80% (Fig. 2).

When induced

cells are supplemented with glycerol, there is no repression of enzyme
synthesis (Fig. 3).
Cells growing on glucose or glycerol alone, in the absence of
inducer, also synthesize a small amount of PGTE compared to cells cul¬
tured on polypectate alone (Fig. 2).

The fact that PGTE specific acti¬

vity of cells growing on glucose is essentially the same whether inducer
is present or not would not indicate whether glucose exerts its effect
at the level of induction or not.

However, the fact that no evidence

of diauxie was found, means that cells growing on both carbon sources
21
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Figure 1.

Growth of E. carotovora on three

carbon sources.

E. carotovora was grown on

minimal salts plus 0.5% glycerol.

One ml was

used to inoculate sterile minimal salts plus
either Na polypectate, glucose or glycerol,
at a final concentration of 0.5%.
were incubated at 30 C.

Cultures •

Growth was measured

by recording the optical density at 600 nm
at hourly intervals.

NaPP#—q, glucose

A-A, glycerol o-o.

<=3

CELL

DENSITY

(0 D 600 nm)

OOOqOO

oo_
(DU)0

INCUBATION
TIME
(HR)
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Figure 2:

Repression of PGTE activity by glucose.

carotovora was grown on minimal salts plus 0.5%
NaPP.

Washed cells were resuspended in sterile

minimal salts plus either 0.5% glucose.

Cell mass,

intracellular PGTE and protein were measured at 20
minutes, 1,2,3 and 4 hours.

NaPP #-•,

glucose □-□, NaPP plus glucose A-A-
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Figure 3:

Effect of glucose and glycerol on

PGTE activity.

JE. carotovora was grown on

minimal salts plus 0.5% glycerol.

One ml

was used to inoculate sterile minimal salts
plus 0.25% NaPP.

A second carbon source,

either glucose or glycerol, at 0.1%, was added
to the growing culture at the arrow.
trols remained untreated.

The con-

Cell mass, intra¬

cellular PGTE and protein were measured at
hourly intervals.

NaPP#-#, NaPP plus

glucose A-A, NaPP plus glycerol n-0.
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probably utilize both at the same time, rather than one to the ex¬
clusion of the other.

If glucose does not inhibit the uptake of poly-

pectate breakdown products into the cells, the site of repression is
most likely at the cellular I6vel.
No evidence was found that distinct phases of transient re¬
pression and catabolite repression occur in E. carotovora (Fig. 2,4).
Specific acitivity of PGTE did not drop significantly before half a
generation, and only reached its lowest point after at least a full
generation of growth after addition of glucose.

No differences in

degree or rate of repression were observed whether cells were supple¬
mented with both glucose and polypectate, or whether glucose was
added to fully induced cells.
It v/ould appear that exhaustion of glucose from the culture
medium containing polypectate might correlate with a rise in PGTE
specific activity (Fig. 3).
this study.

Glucose in the medium was measured in

However, all other treatments, polypectate controls

and glycerol-supplemented cells, exhibited a similar rise in PGTE
activity.

This is more likely a phenomenon associated with the onset

of the stationary phase of growth.
Exogenously Supplied Cyclic AMP
When a culture in which PGTE synthesis is repressed by
glucose is supplemented with adenosine 3',5' cyclic monophosphate,
repression is reversed and, in some cases, specific activity exceeds
that of cells growing on polypectate alone (Fig. 4,5,6).

The degree
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Figure 4:
cyclic AMP.

Reversal of glucose repression by
E_. carotovora was grown on minimal

salts plus 0.5% NaPP.

Ten ml aliquots were cen¬

trifuged, washed and resuspended in sterile salts
plus 0.5% NaPP.

Supplements were 0.5% glucose

or glucose plus 1 mM cyclic AMP, added at the
arrow.

Controls were untreated.

Cell mass,

intracellular PGTE and protein were measured at
30 minutes, 60 minutes and 2.5 hours.

NaPP

•-NaPP plus glucoseA-A> NaPP, glu¬
cose and cyclic AMP. □-□
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Figure 5:

Derepression of PGTE synthesis

over concentration range of cyclic AMP.
£. carotovora was grown on minimal salts
plus 0.5% NaPP.

One ml was used to inoc¬

ulate sterile minimal salts plus NaPP.

Glu¬

cose, at 0.25%, and cyclic AMP, at three
different concentrations, were added at the
arrow.

Controls were untreated.

Cell mass,

intracellular PGTE and protein were measured
at hourly-intervals.

NaPP#-# ,

NaPP plus glucose-A, NaPP, glucose
and 0.5 mM cAMP □-O, NaPP, glucose and
1.0 mM cAMPo-O, NaPP, glucose and 5.0
mM cAMP S--—

INTRACELLULAR

PGTE

ACTIVITY

(Units/mg Protein)
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Figure 6:

Repression of growth by cyclic AMP.

E. carotovora was grown on minimal salts plus

0.5% glycerol.

One ml was used to inoculate

sterile minimal salts plus 0.5% NaPP.

Supple¬

ments were 1 mM cyclic AMP, added 30 minutes
after inoculation, or 0.5% glucose, added 1
hour after inoculation.
treated.

Cell mass was measured at hourly

intervals.
O-

Controls were un¬

NaPP^-NaPP plus glucose

O, NaPP plus cAMP A-—A.

3'1-

CELL
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(OD 600 nm)

INCUBATION TIME (HR)
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Figure 7:

Effect of glucose concentration on

repression of growth by cyclic AMP.

E. caroto-

vora was grown on minimal salts plus 0.5% NaPP.
One ml was used to inoculate sterile minimal
salts plus NaPP.

Glucose, either 0.1% or 0.25%

and 10 mM cyclic AMP were added at the arrow.
Cell mass was measured at hourly intervals.
NaPP#-#, NaPP plus 0.1% glucose and cAMP
d-□, NaPP plus 0.25% glucose and cAMP

A-
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of derepression appears to be a function of the concentration of
exogenously supplied cyclic AMP (Fig. 5).

Concentrations of 1 mM

or greater can stimulate enzyme synthesis up to 100% above the
levels found in controls.
It. was found that, under certain conditions, supplement¬
ing a culture growing on polypectate plus glucose with cyclic AMP
repressed growth and induced cells to enter a prolonged lag phase
(Fig. 7).

This is apparently not a true stationary phase, since

the cells eventually begin to divide again, presumably when levels
of cyclic AMP have fallen to near physiological levels. (Fig.6)
The reason why certain treatments are subject to this lag
while others are not is unclear.

The time of addition of cyclic AMP

to the growing culture is not a factor.
glucose to cyclic AMP.

Neither is the ratio of

Only one pattern was apparent; when the con¬

centration of glucose was 0.1% or less, growth was not repressed with
supplements of up to 10 mM cyclic AMP.

When the concentration of

glucose was greater than 0.1%, as little as 0.5 mM cyclic AMP re¬
pressed growth.

In addition, when cells growing on one carbon

source, either glucose or polypectate, were supplemented with 1 mM
cyclic AMP, growth was repressed (Fig.6,8).
When cells growing on glucose alone were supplemented with
cyclic AMP, PGTE specific activity remained the same (Fig.8), in¬
dicating that, although catabolite repression is reversed by arti¬
ficially raising cellular cyclic AMP levels, a specific inducer is
necessary in order to stimulate maximum enzyme activity.
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Effect of Cyclic AMP Analogues
When induced cells under catabolite repression are sup¬
plemented with cyclic GMP, PGTE specific activity drops to a
level slightly, but consistently lower than that in cells supple¬
mented with glucose alone (Fig.9,10).

To determine whether cyclic

GMP may be acting as a competitive inhibitor of cyclic AMP, as
occurs in other organisms, a repressed culture was supplemented with
5 mM of each nucleotide.

Growth was repressed to the same degree

as the treatment receiving cyclic AMP alone, but PGTE activity was
reduced about 25%, although this level was still considerably high¬
er than the control (Fig.10).
A number of other cyclic AMP analogues were used as supple¬
ments to glucose-repressed cultures (Fig.11,12).

None was effective

to any degree in reversing repression; in fact, several repressed
PGTE activity even further.

None of the analogues, except adenosine,

repressed growth to the degree cyclic AMP did.
Effect of Phosphodiesterase Inhibitors
An inhibitor of phosphodiesterase, while not the primary
determinant of cellular cyclic AMP levels, nevertheless may temporari
ly raise levels enough to mimic the effects indicated by exogenously
supplied cyclic AMP.

Addition of theophylline (aminophyl1ine) to a

repressed culture had no discernible effect on PGTE activity (Fig.13)
MIX (3-isobutyl-l-methyl-xanthine) appears to be a more effective in¬
hibitor, in that the stimulation of activity may have resulted from a
slightly raised level of cyclic AMP.

This effect lasted less than a
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Figure 8:
inducer.

Effect of cyclic AMP in absence of
E. carotovora was grown on minimal

salts plus 0.5% NaPP.

Ten ml aliquots were

centrifuged, washed and resuspended in sterile
salts plus either 0.5% NaPP, 0.5% glucose or
glucose plus 1 mM cyclic AMP.

Cell mass, in¬

tracellular PGTE and protein were measured at
hourly intervals.

NaPP#-#, glucose

□-—a, glucose plus cAMP/^_A.
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Figure 9:

Effects of exogenously supplied cAMP

and cGMP.

£. carotovora was grown on minimal

salts plus 0.25% NaPP.

One ml was used to

inoculate sterile minimal salts plus 0.5% NaPP.
Glucose, at 0.1%, and cyclic nucleotides, at 10
mM, were added at the arrow.
treated.

Controls were un¬

Cell mass, intracellular PGTE and

protein were measured at hourly intervals.

NaPP

•-NaPP plus glucose Cl-□, NaPP, glu¬
cose and cyclic AMP A-A» NaPP, glucose and
cyclic GMP O-O.
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Figure 10:

Effect of cGMP on reversing glucose

repression.

£. carotovora was grown on minimal

salts plus 0.5% NaPP.

Two ml were used to in¬

oculate sterile salts plus NaPP.

Supplements

added at the arrow were; glucose, at 0.5%, cyclic
nucleotides, at 5 mM.

Cell mass, intracellular

PGTE and protein were measured at zero time, 1.5
and 2.5 hours.

NaPP#-#, NaPP plus glucose

E]-□, NaPP, glucose and cAMPz^-A* NaPP,
glucose and cGMPo-O, NaPP, glucose, cAMP
and cGMP #-
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Figure 11:

Effects of cyclic AMP analogues

in reversing glucose repression.

IE. carotovora

was grown on minimal salts plus 0.5% NaPP.
Two ml were used to inoculate sterile minimal
salts plus NaPP.

Glucose, at 0.5%, and analogues,

at 5 mM, were added at arrow.

Cell mass, in¬

tracellular PGTE and protein were measured at
zero time, 2 and 3 hours.

NaPP#-#, NaPP

plus glucose□-O, NaPP, glucose and dibutyryl
3',5'-cyclic AMP o-0» NaPP, glucose and 5*
AMPA-A> NaPP, glucose and adenosine#-■.
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Figure 12:

Effects of cyclic AMP analogues in

reversing glucose repression.

£.

carotovora

was grown on minimal salts plus 0.5% NaPP.

Two

ml were used to inoculate sterile minimal salts
plus 0.5% NaPP.

Supplements added at arrow were;

glucose, at 0.5%, 5'ATP, at 5 mM and 8'bromo
3',5' cAMP and 8'methylthio 3',5'-cAMP, at 2 mM.
Cell mass, intracellular PGTE and protein were
measured at zero time, 2 and 3 hours.

NaPP

•-•, NaPP plus glucose □-□, NaPP, glucose
and 5'ATP A-A, NaPP, glucose and 8'bromo
cAMPO-o, NaPP, glucose and 8' methylthio
cAMP ■-■.

INTRACELLULAR
_

PGTE ACTIVITY
(jt

^

(Units/mg Protein)
tji

0-3
0-4
0-5

CELL
MASS

06

(OD 600 nm)

0-7
0-8

49

Figure 13:

Effect of phosphodiesterase inhi¬

bitors on glucose-repressed cells.

£. caroto-

vora was grown on minimal salts plus 0.5% NaPP.
Two ml were used to inoculate sterile minimal
salts plus NaPP, supplemented with either 0.1%
glucose, or glucose and 1 mM theophylline or
3-isobutyl-1-methyl-xanthine (MIX).
were untreated.

Controls

Cell mass, intracellular PGTE

and protein were measured at 20,40,60 and 120
minutes.

NaPP#-#, NaPP plus glucose

□-□, NaPP, glucose and MIX A—r-A, NaPP,
glucose and theophylline o-o-
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generation, at which time, activity fell to a level comparable to the
glucose and glucose plus theophylline treatments.
Measurement of Physiological Levels of Cyclic AMP
Extracellular levels of cyclic AMP were considerably higher
than intracellular levels (Table 1).

There was a significant differ¬

ence in extracellular values when cultures were inoculated with cells
grown on polypectate or glycerol.

Cells growing on polypectate alone

excreted about three times as much cyclic AMP into the medium as cells
growing on glucose or polypectate plus glucose.

Extracellular levels

of induced cultures increased after three hours of incubation, although
the values of repressed cultures remained about the same.
A significant difference in intracellular levels did not
appear before a full generation of growth after addition of glucose.
Control levels were 2 to 4 times as high as levels in cells growing on
glucose after three hours incubation.
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SUMMARY
The rate of growth of Erwinia carotovora on minimal salts was
affected by the carbon source used.

Cells growing on sodium polypec-

tate or on glucose grew at a similar rate.
grew at about half this rate.
ity in an induced culture of

Cells growing on glycerol

The differential rate of endo-PGTE activ¬

E.

carotovora was found to be repressed at

least 50% in the presence of glucose.

Supplementing an induced culture

with glycerol had no effect on PGTE synthesis.

Cells cultured on glu¬

cose or glycerol as sole carbon source synthesized a low basal level
of endo-PGTE, less than 25% of that in cells on polypectate.

No evi¬

dence was found that diauxie occurs in £. carotovora when growing on
two carbon sources.
No evidence was found that glucose-effects an immediate
severe drop in PGTE activity when added to an induced culture; that is,
the phenomenon of transient repression does not occur.

In fact, glucose

often caused a slight rise in enzyme activity before dropping to its
lowest levels.

PGTE activity was fully repressed only after at least a

full generation of growth on glucose plus polypectate.
When a repressed culture was supplemented with cyclic AMP,
PGTE activity increased sharply to levels up to 100% over that found in
cells growing on polypectate alone.

The degree of reversal of repres¬

sion appears to be directly related to the concentration of exogenously
supplied cyclic AMP.
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Under certain conditions, cyclic AMP repressed growth of
cells.

When cells growing on polypectate or glucose alone were supple¬

mented with 1 mM cyclic AMP, growth was repressed.

When cells growing

on both carbon sources were supplemented with cyclic AMP, repression
of growth depended on the initial concentration of glucose in the medium.
When glucose concentration was 0.1% or less, up to 10 mM cyclic AMP
failed to repress growth.

As little as 0.5 mM cyclic AMP repressed growth

in a culture supplemented with more than 0.1% glucose.

The prolonged lag

induced under these conditions is apparently reversible, since cells even¬
tually begin to divid again.
When cells growing on glucose alone were supplemented with
cyclic AMP, growth was repressed but PGTE activity was not affected.
When a repressed culture was supplemented with cyclic GMP, PGTE
activity dropped to a level slightly but consistently lower than that
found in cells supplemented with glucose alone.

In repressed cultures

that was supplemented with equal concentrations of cyclic AMP and cyclic
GMP, enzyme activity was about 25% lower than cells supplemented with
cyclic AMP alone, but still higher than control levels, polypectate alone.
None of the other camp analogues tested mimicked the effect of
authentic cyclic AMP in reversing repression.

In fact, several analogues

repressed activity below that in cultures supplemented with glucose alone.
Only adenosine repressed cell growth to the degree cyclic AMP did.
Supplementing a repressed culture with phosphodiesterase inhibi¬
tors gave mixed results.

Theophylline had no effect on PGTE activity.

Mix briefly raised the level of enzyme activity, but activity dropped
within a generation to a level comparable to glucose-repressed cells.
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Intracellular levels were significantly lower than extra¬
cellular levels.

Cells growing on polypectate contained 2 to 4 times

as much cyclic AMP as cells growing on glucose on polypectate plus
glucose.

It appears that the primary regulation of cellular cyclic

AMP levels is through inhibition of adenylate cyclase rather than ex¬
cretion of cyclic AMP into the medium, since the ratio of extra- to
intracellular concentration remains constant under all conditions.
The data indicates that cyclic AMP probably effects a response
in reversing glucose repression of PGTE which is related to a real
physiological phenomenon.

The stimulation of PGTE activity which re¬

sults from supplementing a glucose-repressed culture of E-carotovora
with cyclic AMP correlates with the fact that physiological levels of
cellular cyclic AMP fall upon the addition of glucose to an induced
culture.

Although cyclic AMP was not measured in cells in stationary

phase, results of previous studies (8, 13) indicate that cyclic AMP
levels in bacteria are at their highest at that time.

Endo-PGTE

activity rises with the onset of stationary phase in E^ carotoyor^ re¬
gardless of carbon source used.

This may correlate with a simultaneous

rise in cellular cyclic AMP at the onset of stationary phase.
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